A total of 608 bacterial isolates previously identified as Pasteurella haemolytica biotypes A and 3, P. trehalosi, and P. multocida, were separated into 73 distinct biovariants using 21 phenotypic characteristics. The largest group (54%) of wildlife isolates was identified as biogroup 2 and biogroup 2 variants. Biogroup 2 and biogroup 2 variants accounted for only 17% of isolates from domestic ruminants and were all from sheep. In contrast, 43% of isolates from domestic ruminants were identified as biogroup 1 and biogroup 1 variants, whereas only 6% of isolates from wildlife were identified in these groups. The majority of biogroup 1 isolates from wild ruminants were from 1 group of bighorn sheep in Arizona that were geographically separated from other wildlife sampled. Similarly, 1 biogroup 2 variant, 2 E , was cultured only from free-ranging Dall sheep in Alaska. Twelve percent of domestic isolates and 6% of wildlife isolates were indole positive. The remaining isolates from wildlife (33%) and domestic animals (30%) were distributed among 53 distinct biovariants. None of these individual biovariants represented Ͼ4% of the total isolates. Phenotypic characterization was valuable for distinguishing between isolates from different hosts and from different geographic areas and can be used to assist in epidemiologic studies.
Pasteurella species are common commensals of the upper respiratory tract of domestic and wild ruminants. 1, 13, 15, 30 Pasteurella haemolytica and P. multocida are frequently associated with respiratory disease, but strains also vary in their ability to cause disease in different animal hosts. 26 Recognition of different strains of these species has been based primarily on variances in utilization of certain substrates 19 and on serologic differentiation, 4, 10, 12, 14, 16 which provide identification of several biotypes and numerous serotypes, respectively. However, many isolates cannot be serotyped because of cross-agglutination reactions or nonreactivity in existing typing sera. 2, 18, 23 These procedures do not provide adequate characterization of isolates essential for epidemiologic studies. Therefore, procedures that provide more definitive results have been evaluated.
Extensive biochemical heterogeneity has been demonstrated for indole-producing urease-negative organisms 5 and for organisms previously identified as P. haemolytica. 7, 8 Biochemical variation provides the basis for division of these groups of organisms into additional biotypes and biogroups. Heterogeneity has also been demonstrated by DNA-DNA hybridization studies, 3, 6, 24 one study of which has resulted in proposed name changes for several variants, including changing P. haemolytica biotype T organisms to P. trehalosi. 24 Restriction enzyme analysis (REA) is also a valuable means by which numerous isolates can be evaluated for similarity of resulting DNA profiles. 18 Although REA is very sensitive and definitive, it is time consuming and relatively expensive for evaluation of large numbers of isolates, which can be differentiated more quickly and economically by biochemical utilization tests.
This study was conducted to evaluate biogrouping systems for differentiating large numbers of bacterial isolates into definable groups to evaluate the host and geographic distribution of variant groups and the association of the organisms of each group with disease.
Materials and methods
Six hundred eight isolates previously identified as P. haemolytica or P. multocida by standard methods 19 were evaluated. Of these, 14 were from the American Type Culture Collection (ATCC) a (P. haemolytica serotype standards 1, 2, 5-12; P. trehalosi serotype standards 3, 4, 10), 4 were from Scotland b (P. haemolytica serotypes 13, 14, 16; P. trehalosi serotype 15), and the remaining were from collections maintained at the University of Idaho Caine Veterinary Teaching and Research Center (CVTRC). Isolates from the CVTRC collection included 126 from domestic sheep and cattle and 464 from wild ruminant species. These isolates were maintained at CVTRC preserved either in a 4:6 (v:v) ratio of phosphate-buffered saline : glycerol, c pH 7.2, in a Ϫ70 C freezer or lyophilized in 2ϫ skim milk. c The 33 bovine isolates had previously been cultured from nasal swabs from feedlot cattle with a high incidence of clinical pneumonia (n ϭ 17) or from lung tissue or transtracheal wash samples of animals submitted to the CVTRC clinic (n ϭ 9). The 93 ovine isolates had been cultured from Table 1 . Criteria for classifying indole-negative Pasteurella (P. haemolytica and P. trehalosi) isolates into biogroups and biogroup variants. Strict biogroups 7 have reactions as listed without parentheses. Parentheses indicate that negative test results may occur. Lack of reaction in 1 or more tests in parentheses characterizes biogroup variants. Nested parentheses denote pairs of negative variants within a biogroup that, if they appear together, would be unacceptable for identification of new variant. Variance from the original biogroup is noted if one of the tests but not the other is negative. Criteria for distinguishing among biogroups include acid production from trehalose (TRE), xylose (XYL), arabinose (ARA), salicin (SAL), sorbitol (SORB), cellobiose (CELL), and maltose (MALT) and ornithine decarboxylase (ORN), ␤-glucosidase (␤GLU), and ␣-fucosidase (␣FUC) activity.
* Biochemical profile corresponds to the serotype 16 standard.
nasal or pharyngeal samples from sheep that were judged healthy at the time of sampling (n ϭ 47), from 17 animals in a herd with a high incidence of ovine progressive pneumonia virus infection (n ϭ 39), from a sheep at a local zoo (n ϭ 1), and from lung samples of CVTRC clinic pneumonia cases (n ϭ 6). Bacteria from wildlife were isolated from nasal, pharyngeal, and tissue samples collected from animals in 6 western states (Alaska, Arizona, Idaho, Nevada, North Dakota, Wyoming) between 1988 and 1993 as reported previously. 18, 22, 27, 28 The majority of these isolates were cultured from animals that were judged to be clinically healthy at the time of sampling. Fifteen isolates had been cultured from lung tissue or transtracheal wash samples collected from animals with evidence of pneumonia.
Bacterial isolates were propagated from preserved stocks on Columbia blood agar (CBA) supplemented with 5% sheep blood. Those identified as P. haemolytica were further characterized using the major discriminatory tests of a previously described biogrouping system 7,8 with modifications listed in Table 1 . Isolates with biochemical test results identical to those of recognized biogroups are referred to here as ''strict,'' and those with reactions varying from those previously described are termed ''variants.'' Allowable variations were selected such that each new variant remained unique and is identified with the number of the most similar strict biogroup followed by superscript letters indicative of the variant tests (Table 1) . Indole-positive, urease-negative isolates were biotyped using previously described methods. 5
Results
Three distinct biochemical variants of P. haemolytica serotype standards were identified (biogroups 1, 11, 16), reflecting variations in xylose, ornithine, cellobiose, and salicin fermentation and ␤-glucosidase activity ( Table 2 ). Serotypes 1, 2, 5, 6, 7, 8, 9, 12, 13, and 14 standards were all strict biogroup 1, and P. trehalosi serotypes 3, 4, 10, and 15 were all strict biogroup 2. Serotype 11 was identified as biogroup 11. Serotype 16 was referred to as biogroup 16, which falls into the highly heterogenous taxon 18. 8 All of the serotype standards were ␤-hemolytic.
Domestic isolates were identified in 36 biogroups ( Table 2 ). The biogroup most commonly isolated from domestic sheep and cattle was strict biogroup 1. These isolates were ␤-hemolytic on CBA and dispersed readily in saline, similar to the ATCC serotype 2 standard 29694. Five percent of the isolates differed in hemolysin production, maltose and sorbitol fermentation, and ␣-fucosidase activity and were identified as biogroup 1 variants. Twenty-one percent (27/126) of the isolates were identified as P. trehalosi and differed in their ability to produce hemolysis on CBA. Of these, 74% (20/27) were strict biogroup 2, and the remaining isolates were either biogroup 4 or variants of biogroups 2 and 4. Isolates of strict biogroups 3, 5, 7, 9, 10, and 11 were ␤-hemolytic on CBA. The related variant biogroups were not uniform in hemolytic activity, colony morphology, or colony texture on CBA. The bovine isolate that was identified as biogroup 8 was nonhemolytic. Indole-positive isolates accounted for 12% (15/126) of the domestic isolates. These strains were more commonly isolated from cattle than from sheep and were nonhemolytic on CBA and had a mucoid colony morphology.
Wildlife isolates were separated into 64 biovariants ( Table 3 ). The majority (259/464) of the isolates were identified as P. trehalosi. All P. trehalosi isolates were assigned to biogroups 2 and 4, which were distin- guished by positive and negative ␤-glucosidase activity, respectively. The majority of P. trehalosi isolates were slightly hemolytic on CBA, although the hemolysis was generally not as strong as for the ATCC standard P. trehalosi isolates. Strict biogroup 2 comprised 76% (188/249) of all biogroup 2 isolates. In addition, several biogroup 2 variant categories were recognized. All biogroup 2 E isolates were from Alaskan Dall sheep and were biochemically distinct from all other P. trehalosi isolates in this study. The remaining four biogroup 2 variants were isolated from mule deer and bighorn sheep (Ovis canadensis). Ten of the P. trehalosi isolates were ␤-glucosidase negative and were assigned to biogroup 4. Strict biogroup 4 isolates were isolated only from bighorn sheep, whereas biogroup variant 4 CD was isolated from bighorn sheep, elk, deer, and bison.
Twenty-nine of the wildlife isolates (6%) were identified as strict biogroup 1 or biogroup 1 variants. Strict biogroup 1 isolates were cultured from a population of desert bighorn sheep sampled in Arizona (n ϭ 8), from Rocky Mountain bighorn sheep at the Idaho Fish and Game Wildlife Health Laboratory facility (n ϭ 2), and from a desert bighorn sheep from Nevada (n ϭ 1). Most of these isolates were similar to the serotype 2 ATCC standard 29694, showing ␤-hemolysis on CBA, a comparable colony size, and growth that is readily dispersed in saline. The single exception was 1 of the desert bighorn sheep isolates, which was nonhemolytic on CBA. Biogroup 1 variants accounted for 4% (20/ 464) of the wildlife isolates. These isolates differed from the ATCC serotype 2 standard and the strict biogroup 1 isolates in that they were either nonhemolytic or only slightly hemolytic on CBA and did not readily disperse in saline. Strict biogroup 3 and biogroup 3 variants accounted for 9.5% of the wildlife isolates. Several ␣-fucosidase-negative biogroup 3 variants were also catalase negative; these were isolated exclusively from elk, moose, and mule deer from Idaho and North Dakota. Xylose-, trehalose-, and arabinose-negative strains (biogroup 16) accounted for 5% of the wildlife isolates. Three isolates were identical phenotypically to the serotype 16 standard and were designated as strict biogroup 16. The remaining 19 biogroup 16 variant isolates were negative for Ն1 reaction for ␣-fucosidase or fermentation of sorbitol or maltose. Other biogroups, including the arabinose-positive biogroups 5, 6, 7, 9, and 10 and the arabinose-negative, ornithine-positive biogroup 11, were represented in relatively low numbers, ranging from Ͻ1% to 3% of the total isolates. Indole-positive isolates accounted for 6% of the total. These isolates differed biochemically, were nonhemolytic, and showed a nonmucoid colony morphology.
Isolates associated with disease included Pasteurella Indole-positive species or biotypes P. multocida subsp. multocida a 0 0 from the lungs of 12 of the 50 domestic animals samples ( Table 2) . Strict biogroup 1 isolates were the predominant organisms associated with pneumonic pasteurellosis in 9 (75%) of these animals. Biogroups 1 and 2 organisms were isolated from lung tissue of 1 domestic sheep, and a biogroup 2 strain was isolated from the lung of another animal. Pasteurella multocida subspecies multocida a was isolated from lungs of 2 cattle.
Pasteurella was isolated from the lungs of 11 of the 215 wild ruminants (Table 3) . Strict biogroup 2 P. trehalosi organisms were isolated from 9 (75%) of the animals compared with 187 (87%) from other sample types of all the wild animals tested. Other Pasteurella biogroups isolated from wildlife lungs included 10 AB from 2 bighorn lambs found dead or ill in Central Idaho, 2 B from 1 of these lambs, 2 B in combination with 3 A organisms from the lung of a mule deer, and 9 ABL organisms from the lung of a mountain goat. Pasteurella multocida subsp. multocida b was also isolated from the lung of 1 of the bighorn lambs, along with biogroups 2 and 10 AB isolates.
Discussion
A major objective of this study was to differentiate between Pasteurella isolates using biochemical tests that could be used as a first step for epidemiologic studies where differentiation is critical. In 1 study, 79 characteristics and variable reactions were used in a biogrouping system to separate 116 isolates into 13 biovariants. 7 Using 21 of these characteristics and not allowing for variables within biovariants, we identified 73 biovariants. Biochemical test results from a preliminary study (not included in this report) were very re-producible, indicating reliability of the test procedures. These procedures have been used successfully for initial comparison of large numbers of organisms from animals within single or diverse populations, as indicated in another study. 28 The majority (78%) of isolates evaluated in Denmark were typed in biogroups 1-3. 7 Similarly, 70% of wildlife and 61% of domestic livestock isolates evaluated in this study were identified in these 3 biogroups or their variants. Collectively, however, the remaining biovariants did comprise a substantial proportion of isolates from both domestic and wild ruminant species. The largest number of isolates from any animal species included in this study was 296 from bighorn sheep. Pasteurella trehalosi has been isolated as the predominant Pasteurella cultured from both captive and freeranging bighorn sheep. 20, 22, 25, 27, 29 The present study exceeds previous surveys in the number of isolates analyzed and the extent of analysis. In addition, the large number of wildlife species and the diverse geographic areas from which isolates were obtained provided excellent opportunity for side-by-side comparisons for diversity of Pasteurella strains among and within animal populations.
Evaluation of the host range of isolates and association of biovariants with disease were additional objectives of this study. Comparison of isolates from wild and domestic ruminants resulted in some apparent trends. Most notably, strict biogroup 1 organisms were isolated with much higher frequency from domestic livestock (38%) than from wildlife (2%). The majority of strict biogroup 1 isolates from wildlife were from a single population of bighorn sheep in southern Arizona. This was the only group of bighorn sheep of the mexicana subspecies included in this study. Biotype A isolates of P. haemolytica from domestic livestock, the majority of which belong to biogroup 1, are commonly associated with pneumonia in those animals. 26 However, there was no history of pneumonia in the Arizona population of sheep nor did they have any known contact with domestic livestock. In contrast, biogroup 2 organisms predominated in wildlife species and also accounted for 21% of the isolates from domestic sheep but were not present in the isolates from cattle.
The only source of biovariant 2 E isolates was a population of Dall sheep captured in Alaska, which may be a result of host predilection or geographic isolation. Biovariant 3 ␣F isolates were from both moose and elk in North Dakota and also from mule deer in Idaho. The absence of 3 ␣F in the 296 bighorn sheep isolates may indicate a proclivity of this biovariant for the deer family but not for bighorn sheep.
The biogroup identification of isolates from lungs of both domestic and wild animals with evidence of pneumonia were predominantly the same as those of organisms most commonly isolated from nasal and pharyngeal samples of the respective animal groups. This result is in general agreement with reports in the literature indicating that Pasteurella strains that are part of the normal flora in the upper respiratory tract act as opportunistic pathogens when environmental factors and host responses contribute to pneumonia or systemic disease. 26, 30 An association with pneumonia was also noted for isolates identified as biovariant 10 ␣B . All 3 isolates were from bighorn sheep within a 160-km radius in Central Idaho, and 2 of the isolates were from the lungs of sheep with evidence of pneumonia. Such isolates, which have a high incidence of disease association, should be considered for further evaluation for factors associated with disease production.
The taxonomic relationships among Pasteurella strains has been evaluated based on nucleic acid homology. 3, 6, 21 Early DNA-RNA hybridization studies demonstrated 8-24% homology between P. haemolytica and P. trehalosi isolates. 3 More recent studies have validated these results with DNA-DNA hybridization studies, which have shown 0-35% homology between P. haemolytica and P. trehalosi. 6, 21 The ability of isolates to ferment arabinose differs and may correlate with results from DNA-DNA hybridization studies. In contrast to information in frequently cited literature, 11, 17 none of the ATCC isolates evaluated in this study fermented (L)-arabinose. In a study conducted in Denmark with European serotype standards, those isolates also failed to ferment (L)-arabinose. 7 Isolates identified in biogroups 5, 9, and 10, which ferment (L)arabinose, have 29-54% DNA homology with isolates in biogroups 1 and 3, which do not ferment (L)-arab-inose, below the minimum of 55% homology expected for isolates of the same genus. 21 Homology within the arabinose-fermenting biogroups ranges from 54% to 65%. Differentiation of biogroups 1 and 3 by reactions for salicin and cellobiose fermentation and ␤-glucosidase production is taxonomically less significant because these biogroups have 85% homology. 21 Although the relative value of specific tests in determining relationships among isolates is uncertain, the biochemical tests are valuable in distinguishing among isolates for diagnostic and epidemiologic studies. Because a large number of phenotypic variants within P. haemolytica have been reported, we recommend the use of all the biochemical tests utilized in this study. Careful observation for hemolytic activity of isolates on CBA with 5% sheep blood incubated at 35 C should also be part of the evaluation of isolates. In general, isolates from wildlife were nonhemolytic or were less hemolytic than those from domestic ruminants. Hemolytic activity may be associated with leukotoxin production and virulence of these organisms. 9 Standardized hemolysis assays for comparison of isolates within and between laboratories would be valuable for future studies.
